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Abstract 

Contributions  of  heat  generation  and  heat  management  to  the  internal  temperature  profile  of  the  Li/SOCl2  cell  have  been 
analysed  based  on  thermal  modelling.  Some  approaches  are  proposed,  checked  and  used  in  high  power  Li/SOCl2  cells  and 
batteries,  showing  improvements  in  their  safety  and  performance. 
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1.  Introduction 

Li/SOCl2  battery  is  an  attractive  energy  source  because 
of  its  high  energy  density  [1-5].  However,  it  has  been 
shown  from  previous  results  that  the  high  discharge 
rate  and  high  temperature  caused  thermal  runaway  in 
those  cells  [6-10].  It  was  predicted  by  Marincic  [11] 
for  a  bipolar  Li/SOCl2  battery  with  120  kW  electrical 
output  that  37.3  kW  of  heat  generated  within  the  90 
kg  power  source  throughout  the  operation.  Meanwhile, 
electrolyte  would  boil  within  3.5  min,  sulfur  melt  within 
5.5  min  and  lithium  melt  down  within  9.5  min  in  case 
of  no-forced  cooling.  Therefore,  many  searches  have 
dealt  with  the  thermal  behaviour  of  the  cells  and  efforts 
have  been  made  to  develop  a  safe  type  of  high  power 
Li/SOCl2  cells  or  batteries. 

For  example,  Dey  and  Hamilton  [12]  developed  a 
high  rate  ‘D’-cell  and  super  high-rate  (diameter:  3  in, 
height:  <  1  in)  flat  cell  [12].  The  flat  cell  delivered  14 
Ah  on  a  100  A  continuous  drain  without  any  safety 
problem.  In  our  laboratory,  some  work  have  also  been 
done  for  a  better  understanding  of  the  thermal  behaviour 
and  designing  of  safe  types  of  high  power  Li/SOCl2 
cells  and  batteries. 

On  the  basis  of  thermal  modelling  of  a  high  power 
Li/SOCl2  cell  with  parallel  plates  [13],  heat  generation 
and  heat  management  (including  heat  absorption  and 
conduction)  are  two  extremely  important  factors  to 
determine  the  rate  of  the  increase,  the  maximum  value, 
and  the  distribution  of  the  temperature  inside  the  cell 
during  operation. 

In  this  paper,  the  contributions  of  heat  generation 
and  heat  management  to  the  internal  temperature 


profile  of  the  cell  have  been  analysed  based  on  thermal 
modelling.  Some  approaches  to  decrease  the  heat  gen¬ 
eration  and  to  improve  the  heat  management  in  high 
power  Li/SOCl2  cells  will  be  proposed  and  checked. 
Finally,  safety  behaviour  improvements  have  been  shown 
in  practical  cells  and  batteries  by  adopting  suitable 
approaches. 


2.  Heat  generation  and  heat  management  versus 
internal  temperature  profile  of  the  cell 

The  same  concept  of  thermal  modelling  as  described 
in  a  previous  paper  [13]  has  been  applied  to  high  power 
prismatic  Li/SOCl2  cell  with  parallel  plates.  The  heat 
generation  in  the  cell  can  be  expressed  as  follows: 

Q^Qp+Qt+Qt  (l) 

where  Qp  is  the  heat  generated  by  polarization,  Q,  the 
heat  generated  due  to  entropy  change  of  the  current 
producing  reactions,  Qf  the  heat  generated  by  corrosion. 

Due  to  the  small  contribution  of  Qs  to  Q,  Q  depends 
mainly  on  Q,  and  Qp.  Curve  (1)  and  curve  (2)  in  Fig. 
1  show  calculated  internal  temperature  profiles  of  pris¬ 
matic  Li/SOCl2  cells  with  neutral  (LiAlCl4/SOCl2)  and 
acidic  (AlCl3/SOCl2)  electrolytes,  respectively,  based 
on  thermal  modelling. 

From  curve  (1)  and  curve  (2)  it  can  be  seen  that 
Qp  contributes  to  the  internal  temperature  profiles. 
However,  there  is  a  significant  difference  between  curve 
(1)  (calculated)  and  curve  (3)  (experimental).  It  in¬ 
dicates  that  heat  generated  by  corrosion,  even  in  a 
neutral  electrolyte,  also  shows  a  certain  contribution 
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Fig.  1.  Internal  temperature  profiles  in  different  electrolytes:  (1) 
neutral  electrolyte  (£?f«0);  (2)  acid  electrolyte,  and  (3)  neutral 
electrolyte  (experimental  results).  Discharge  current  density  =-35  mA/ 
cm2,  at  ambient  temperature. 

to  the  internal  temperature  profile.  For  the  under¬ 
standing  of  this,  some  preliminary  experiments  have 
been  done  in  our  laboratory  and  the  results  indicate 
that  lithium  shows  almost  no  corrosion  in  neutral  elec¬ 
trolyte  at  a  temperature  below  30  °C,  but  corrosion 
takes  place  significantly  when  temperature  goes  up  to 
60  °C  [14]. 

According  to: 

Qp=I(Eth-V)  (2) 

where  I  is  the  discharge  current,  Elh  the  thermoneutral 
potential  of  electrochemical  system,  and  V  the  working 
voltage.  In  fact,  1  is  constant  for  a  certain  application. 
Therefore,  Qp  depends  on  the  V  value. 

The  internal  temperature  profiles  related  to  different 
V  values  have  been  calculated  based  on  thermal  mo¬ 
delling  as  shown  in  Fig.  2.  Obviously,  the  increase  in 
the  working  voltage  can  lower  rather  significantly  the 
heat  generated  by  polarization. 

Calculations  have  been  made  based  on  thermal  mo¬ 
delling  versus  the  variation  of  the  thickness  and  weight 
of  each  component  in  the  cell.  In  comparison  with  the 
heat  generated  by  polarization  or  corrosion,  the  heat 
management  (including  heat  absorption  and  conduc¬ 
tion)  contributed  less  to  the  internal  temperature  profile, 
if  the  thickness  and  weight  of  the  cell  have  been  changed. 
Among  those  components  (nickel  current  collector,  glass 
separator,  electrolyte,  lithium  foil,  carbon  sheet,  etc.), 
the  nickel  current  collector  show  the  greatest  effect  on 
heat  management,  due  to  its  property  of  high  heat 
capacity  and  good  heat  conduction.  Fig.  3  shows  the 
effect  of  different  thicknesses  of  the  nickel  current 
collector  on  the  internal  temperature. 
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Fig.  2.  Effect  of  working  voltage  on  internal  temperature:  the  working 
voltages  are:  (1)  3.0  V;  (2)  3.1  V;  (3)  3.2  V,  and  (4)  3.3  V,  respectively. 


Fig.  3.  Effect  of  different  thicknesses  of  the  nickel  current  collector 
on  the  internal  temperature:  (a)  0.08  mm;  (b)  0.12  mm,  and  (c) 
0.15  mm. 


3.  Approaches  to  decrease  the  heat  generation  and 
to  improve  the  heat  management  in  a  high  power 
Li/SOCl2  cell  (or  battery) 

In  principle,  any  approach  that  can  decrease  the 
internal  resistance  or  increase  the  working  voltage  of 
a  cell  or  decrease  the  corrosion  reaction  in  a  cell,  may 
decrease  the  heat  generation  during  the  discharge  of 
a  high  power  Li/SOCl2  cell  (or  battery).  Besides,  any 
approach  that  can  increase  heat  capacity  and  heat 
conduction,  may  improve  the  heat  management  in  the 
cell. 

Therefore,  the  following  approaches  have  been  pro¬ 
posed  and  checked  in  the  Sections  3.1  to  3.6. 
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Fig.  5.  Discharge  characteristics  of  high  power  Li/SOCl2  cells  with  different  electrolytes:  (a,  a’)  2.0  M  AJCI,/SOCl2,  and  (b,  b')  2.5  M  LiAlCI</ 
SOCl2. 


3.1.  Separators  with  high  saturation  of  electrolyte,  low 
resistance,  no  chemical  reaction  with  electrolyte,  and 
enough  strength 

Glass-fibre  separator  is  a  good  selection  for  use  in 
Li/SOCl2  systems,  because  it  features  high  saturation 
of  electrolyte,  stability,  enough  strength  and  low  re¬ 
sistance  in  SOCl2-based  electrolyte.  However,  the  thick¬ 
ness  of  the  glass-fibre  separator  shows  a  great  effect 
on  the  working  voltage  of  the  cell,  hence,  on  the 
contribution  to  the  temperature  profile  of  the  cell,  as 
shown  in  Fig.  4.  Obviously,  a  thinner  glass  separator 
(0.12  mm)  is  related  to  a  higher  working  voltage  and 
a  lower  internal  temperature  profile.  Although  a  thinner 
separator  (<0.1  mm)  may  contribute  more  to  the 
internal  temperature  profile  of  the  cell  than  to  the 


discharge  characteristics,  see  Fig.  4,  a  thin  separator 
may  easily  cause  shortage  of  the  cell. 

3.2.  Electrolytes  with  high  conductivity  and  low 
corrosion  reaction  against  lithium 

Fig.  5  shows  discharge  characteristics  of  high  power 
Li/SOCl2  cells  with  different  electrolytes.  It  is  seen  that 
although  the  initial  working  voltage  in  this  acid  elec¬ 
trolyte  is  higher  than  that  in  the  neutral  electrolyte, 
the  average  working  voltage  and  the  discharge  capacity 
in  the  neutral  electrolyte  is  higher  than  those  in  the 
acid  electrolyte.  In  particular,  the  internal  temperature 
profile  in  the  neutral  electrolyte  is  much  lower  than 
that  in  the  acid  electrolyte.  These  results  are  basically 
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Fig.  6.  Influence  of  a  catalyst  on  the  discharge  characteristics  of  high  power  Li/SOCI2  cells  at  20  °C:  (a,  a')  without  catalyst,  and  (b,  b')  with 
catalyst.  7  =  35  mA/cm2. 
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Fig.  7.  Influence  of  a  catalyst  on  the  discharge  characteristics  of  high  power  Li/SOCI2  cells  at  0  °C:  (a,  a')  without  catalyst,  and  (b,  b')  with 
catalyst.  7  =  35  mA/cm2. 


consistent  with  those  calculated  and  based  on  thermal 
modelling  (Fig.  1). 

A  selection  of  suitable  concentrations  of  LiAlCL,/ 
SOCl2  has  also  been  made  experimentally.  It  indicates 
that  2.5  LiAlCl4  is  suitable  in  high  power  Li/SOCl2 
cells,  due  to  its  higher  conductivity,  higher  solubility 
in  reaction  products,  and  lower  reaction  activity  with 
lithium. 

3.3.  Catalysts  increasing  the  working  voltage,  lowering 
the  internal  pressure  and  improving  low  temperature 
performance  of  the  cell 

Several  catalysts  have  been  tested  in  Li/SOCl2  cells 
with  a  neutral  electrolyte.  Fig.  6  shows  the  influence 
of  a  catalyst  on  discharge  characteristics  of  high  power 
Li/SOCl2  cell  at  20  °C.  Obviously,  the  average  working 


voltage  with  catalyst  is  >  100  mV  higher  than  that 
without  catalyst  and  the  internal  temperature  profile 
with  catalyst  (Fe-TAP)  is  lower  than  that  without 
catalyst.  Besides,  the  low  temperature  performance  of 
high  power  Li/SOCl2  cell  shows  significant  improvement 
using  a  catalyst,  see  Fig.  7.  The  catalyst  played  also 
an  important  role  in  reducing  the  internal  pressure  of 
the  cell  [15]. 

3.4.  Current  collectors  with  a  lower  resistance 

As  calculated  above,  experiments  have  also  shown 
that  the  thicker  nickel  current  collector  can  improve 
the  heat  management,  hence,  lower  the  internal  tem¬ 
perature  profile  of  the  cell,  as  shown  in  Fig.  8.  Although 
copper  has  a  higher  heat  conduction  rate  and  a  higher 
conductivity,  the  effect  on  the  internal  temperature 
profile  is  not  very  obvious. 
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Fig.  8.  Discharge  characteristics  of  high  power  Li/SOCl2  cells  with  different  thicknesses  of  the  nickel  current  collector:  (a,  a’)  0.10 
(b,  b')  0.15  mm. 
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Fig.  9.  Influence  of  different  cell  terminals  on  the  discharge  characteristics  of  high  power  Li/SOCl2  cells:  (a,  a')  aluminium  terminal;  (b,  b') 
copper  terminal,  and  (c,  c')  modified  copper  terminal. 


3.5.  Terminal  materials  structures 

Due  to  very  high  current  through  the  terminals  and 
all  the  contacts  which  are  between  electrode  and  current 
collectors,  and  between  current  collectors  and  terminals 
in  a  high  power  Li/SOCl2  cell,  it  is  extremely  important 
to  select  suitable  materials  and  optimum  technology 
for  making  these  terminals  and  contacts  with  lower 
resistance,  high  heat  conduction  and  heat  capacity.  Fig. 
9  shows  the  influence  of  different  cell  terminals  on  the 
discharge  characteristics  of  high  power  Li/SOCl2  cells. 
Obviously,  the  copper  terminal  is  much  better  than  the 
aluminium  terminal  used  in  the  cell,  the  modified  copper 
terminal  shows  a  further  improvement  in  discharge 
characteristics  of  the  cell. 


3.6.  Tightness  of  electrode  groups 

The  tightness  of  electrode  groups  inside  cell  container 
has  a  great  relation  with  cell  internal  resistance.  Control 
of  a  suitable  tightness  of  assembling  the  electrode  groups 
inside  a  cell  container  can  give  a  lower  resistance  of 
the  cell,  hence,  improve  the  discharge  characteristics 
of  the  cell.  Fig.  10  indicates  that  the  approach  is  effec¬ 
tive.  Besides,  some  approaches  to  increase  the  heat 
capacity  and  heat  conduction  of  the  cell  components 
can  be  adopted,  a  phase  change  material  can  be  also 
used  to  absorb  much  of  the  heat  transferred  from  cells 
and  keep  the  temperature  of  the  medium  at  a  lower 
value  (around  phase  change  temperature). 


132 


Q.  Lin  et  al.  /  Journal  of  Power  Sources  54  (1995)  127-133 
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Fig.  10.  Discharge  characteristics  of  high  power  Li/SOCl2  cells  with  different  tightnesses  of  assembling  electrode  groups  inside  the  container: 
(a,  a')  93%,  and  (b,  b’)  97%. 


4.  Safety  behaviour  improvements  shown  in  practical 
cells  and  batteries 

Fig.  11  shows  some  typical  discharge  curves  and 
temperature  profiles  of  three  batteries  consisting  of  6, 
12  and  24  high  power  prismatic  cells  in  series,  re¬ 
spectively.  The  total  output  power  of  above  batteries 
is  about  16,  32  and  64  kW,  respectively.  Those  cells 
are  made  by  adopting  all  the  approaches  mentioned 
above.  It  is  seen  from  Fig.  11  that  the  average  voltage 
of  a  cell  is  about  3.2  V  and  the  highest  temperature 
values  in  the  centre  of  a  cell  are  the  same  among  the 
three  batteries  (around  140  °C  by  end  of  12  min).  It 


Fig.  11.  Typical  discharge  curves  and  internal  temperature  profiles 
of  high  power  U/SOCl2  batteries:  (la)  one  cell  in  16  kW  batteries; 

(2a)  one  cell  in  32  kW  batteries;  (3a)  one  cell  in  64  kW  batteries; 

(lb)  one  cell  in  16  kW  batteries;  (2b)  one  cell  in  32  kW  batteries, 

and  (3b)  one  cell  in  64  kW  batteries. 


indicates  that  high  power  Li/SOCl2  batteries  designed 
and  produced  in  our  laboratory  show  a  very  good 
performance  and  safe  behaviour.  Also,  another  practical 
battery  consisting  of  40  ‘D’-size  spiral-wound  Li/SOCl2 
cells  in  series  and  parallel  can  delivery  over  600  W  of 
power.  However,  it  can  only  operate  continuously  for 
30  min  without  any  safety  problem.  A  phase  change 
material  selected  is  used  inside  battery  container  and 
a  significant  improvement  in  the  temperature  profile 
makes  that  discharge  time  increases  from  30  min  to 
more  than  45  min  even  at  50  °C  without  any  safety 
problem.  Figs.  12  and  13  show  typical  discharge  char¬ 
acteristics  of  such  batteries. 
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Fig.  12.  Influence  of  PCM  on  discharge  characteristics  of  batteries 
at  25  °C:  (bl,  b2,  b3)  with  PCM,  and  (cl,  c2)  without  PCM.  7=10 
A.  (bl,  c)  =  voltage;  (b2,  b3,  c2)  =  temperature. 
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Fig.  13.  Discharge  characteristics  of  batteries  with  PCM  at  50  °C: 
(a2)  wall  temperature,  (a3)  in,  and  (al)=  voltage. 

5.  Conclusions 

1.  Based  on  thermal  modelling  heat  generation  and 
heat  management  are  two  factors  determining  the  in¬ 
ternal  temperature  profile  of  the  high  power  Li/SOCl2 
cells. 

2.  Some  approaches  to  decrease  heat  generation  and 
to  improve  heat  management  in  a  high  power  Li/SOCl2 
cell  (or  battery)  have  been  proposed  and  checked. 

3.  Safety  improvements  have  been  shown  in  several 


types  of  high  power  Li/SOCl2  cells  and  batteries  by 
adopting  these  approaches. 

References 

[1]  JJ.  Auborn,  K.W.  French,  S.I.  Liebberman,  V.K.  Shah  and  H. 
Heller,  J.  Electmchem.  Soc.,  120  (1973)  1613. 

[2]  W.K.  Behl,  J.A.  Cristopulos,  M.  Ramirez  and  S.  Gilman,  J. 
Electrochem.  Soc.,  120  (1973)  1619. 

[3]  G.E.  Blomgeren  and  M.L.  Komenberg,  Ger.  Patent  No.  2  262 
256  (1973). 

[4]  A.N.  Dey,  J.  Electrochem.  Soc.,  123  (1976)  1262. 

[5]  A.N.  Dey,  J.  Electrochem.  Soc.,  126  (1979)  2052. 

[6]  D.H.  Johnson,  A.D.  Ayers,  R.L.  Znpancic,  V.S.  Alberto  and 
J.C.  Bailey,  J.  Power  Sources,  12  (1984)  61. 

[7]  S.  Surampudi,  G.  Halpert  and  I.  Stein,  Jet  Propulsion  Labor¬ 
atories  Publication  86-15,  June  1986. 

[8]  J.B.  Trout,  Studies  of  performances  and  abuse  resistance  of 
lithium-bromine  complex  cells  for  manned  space  use,  NASA 
Internal  Note  JSC-20006,  July  1984. 

[9]  N.C.  Lukas,  Li-BCX  D-cell  over  discharge,  NASA  Internal  Note 
JSC-1962,  1  Oct.  1983. 

[10]  D.  Saucier,  Lithium-BCX  D-cell  over  discharge  test,  NASA 
Internal  Note  JSC-19548,  Apr.  1984. 

[11]  N.  Marincic,  Proc.  29th  Power  Sources  Symp.,  1980,  pp.  208-210. 

[12]  A.N.  Dey  and  N.  Hamilton,  Proc.  29th  Power  Sources  Symp., 
1982,  pp.  164-168. 

[13]  Q.  Lin,  T.  Yixiong,  M.  Xuezhang,  Q.  Ruizhen  and  W.  Jigiang, 
J.  Power  Sources,  43/44  (1993)  309-315. 

[14]  Tianjin  Institute  of  Power  Sources,  personal  communication. 

[15]  Tianjin  Institute  of  Power  Sources,  personal  communication. 


